Constraining the Unhiggs with LHC data 
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Recent measurements by the ATLAS and CMS experiments have excluded the Standard Model 
Higgs boson in the high mass region, even if it is produced with a significantly smaller cross section 
than expected. The bounds are dominated by the non-observation of a signal in the clean gold-plated 
mode h — > ZZ —¥ A£ and, hence, are directly related to the special role of the Higgs in electroweak 
symmetry breaking. A smaller cross section in comparison to the Standard Model is expected if 
the Higgs is realized as an unparticle in the Unhiggs scenario. With the LHC probing a/a SM < 1, 
we can therefore reinterpret the h — > ZZ — > At exclusion limits as bounds on the Unhiggs' scaling 
dimension. Throughout the high Higgs mass range, where we expect a large signal in the presence 
of the Standard Model Higgs for the 2011 ATLAS and CMS data sets, the observed limits translate 
into mild bounds on the Unhiggs scaling dimension in the high mass region. 



I. INTRODUCTION 

Recent results on Standard Model Higgs production at 
the LHC [l|-[5[ have gained lots of attention throughout 
the high energy physics community. On the one hand, 
this is due to the tantalizing hints for a light Higgs boson 
around — 125 GcV. The implications of the observed 
excess have already been discussed in the literature @, 
yet, it is too early to claim that the Higgs has been found 
and we might well observe a statistical fluctuation Q. 

On the other hand, the 95% confidence level bounds 
published by ATLAS and CMS state that if a Higgs-like 
resonance is to be realized at higher masses, the Higgs 
boson is significantly underproduced or has suppressed 
branching fractions to the (partially) visible decay chan- 
nels. This has triggered some effort in how to reconcile 
one or more heavy Higgs bosons in the light of this heav- 
ily constraining data through modified production cross 
sections Q , decays @ , or combinations of both ■ 

The dominant channel which drives the exclusion 
bounds in the high Higgs mass regime is the clean Higgs 
decay channel to four leptons via two Z bosons [!, [jj [ll[ . 
This so-called "gold-plated" mode allows a great deal 
of Higgs "spectroscopy" as soon as the decay channel 
h — > ZZ opens up. Statics in this channel is lim- 
ited due to the branching ratios of the Z bosons to the 
light and clean leptons , ^ , but it benefits from a 
large branching ratio h — > ZZ for heavy Higgs masses 
T(h — > ZZ) ~ m\/m 2 z . The dominant partial decay 
width to longitudinal W, Z is a direct consequence of elec- 
troweak symmetry breaking. The purely leptonic final 
state of h — > Al can be fully reconstructed and, hence, its 
merits range from line-shape measurements [12J to ob- 



taining spin and CV of the reconstructed excess [13J. Of 
similar importance in the high Higgs mass region at the 
14 TeV LHC are the semi-hadronic ZZ decay modes for 
boosted kinematics [l4j . 

Avoiding a large branching ratio h — > ZZ, or in general 
h — > VV, V = W , Z, for heavy Higgs particles is theo- 
retically challenging unless we allow for non-perturbative 
strong couplings [l5( • The reason is that ordinary pertur- 
bative 0(1) interactions of a minimally extended Higgs 
sector, i.e. the ones which do not arise from sponta- 
neous symmetry breaking, cannot compete against the 
fast-growing partial decay width of the Higgs ~ m\. 
Higgs-portal type interactions are pushed into a non- 
perturbative regime by requiring a vanishing h — > ZZ 
phenomenology Q. 

One way to reconcile a vanishing Higgs phenomenol- 
ogy in h — > ZZ — > A£ in a controlled way is by turning 
to strongly coupled theories in the 't Hooft limit [l6j |. 
A playground, which serves as a model-building dictio- 
nary, is the AdS/CFT correspondence of Randall- 
Sundrum models While RS I type models predict 
a tower of scalar and/or vectorial resonances which can 
be tackled with standard search strategies in the VV fi- 
nal states [13, , the phenomenology of RS II models 
can be fundamentally different. Once put into a real- 
istic form by introducing a weak breaking of conformal 
invariance via a modulation of the AdS metric towards 
the infrared [13] , such models can be interpreted as "Un- 
particles" in Georgi's language (23j . It has been shown 
that such a non-local object can, in fact, be responsible 
for electroweak symmetry breaking, restoring the good 
high e nerg y behavior of longitudinal gauge boson scat 
tcring 
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while it behaves very much like an ordinary 
Higgs in electroweak precision tests [25|. In essence, the 
model's gauge sector at low energies is similar to the SM, 
while this is not necessarily true for the Unhiggs-fermion 
sector Therefore every channel which allows cross- 
talk between the fermion and the gauge boson sector is 
a strong probe of such a mechanism of electroweak sym- 
metry breaking. 
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The production of the Unhiggs from gluon fusion 
and its subsequent decay precisely serves this purpose. 
Given the recently observed underproduction of Higgs- 
like states in the ZZ channel it is possible to formulate 
bounds on Unhiggs-symmetry breaking, which is the pur- 
pose of this paper. As it turns out, the gold-plated mode 
is perfectly suited for such a reanalysis, since systematics 
for heavy Higgses are sufficiently small in the fully recon- 
structed final state. Note that this is vastly different from 
h — > ZZ — > t + £~$ T , which drives the Higgs exclusion 
for very heavy Higgs masses [l[ . Systematic uncertainties 
in these channels limit a straightforward re-application of 
the existing strategies pursued by ATLAS and CMS. 

We organize this work as follows: Sec. [TT| provides a 
recap of the model's properties to make this work self- 
contained. In Sec. lIIII we first validate our analysis strat- 
egy against the results of Refs. [!, [f|. In particular we 
show that we can reproduce the experiments' exclusion 
bounds in the Higgs mass region we are interested in. We 
subsequently compute the exclusion bounds on the Un- 
higgs model's parameters that are implied by the data of 
Refs. [§, 5j in Sec. IIVI We give our conclusions in Sec. [V] 



II. THE MODEL 

The gauge interactions of the Unhiggs field H follow 
from the effective lagrangian 24 1 



(1) 



where denotes the familiar SU(2)l x U(1)y gauge 
covariant derivative, d < 2 is the Unhiggs field's scaling 
dimension and [i is the infrared cut-off of the confor- 
mal sector. Consequently, the gauge interactions of the 
Unhiggs can be dialed away by increasing d > 1. The 
naive growth with the center of mass energy of the longi- 
tudinal gauge boson scattering amplitude, which would 
eventually lead to unitarity violation if left un-tamed, is 
cured by non-local interactions (2~Ij ]. Similar gauge can- 
cellations in massive quark annihilation to longitudinal 



gauge bosons constrain the Unhiggs scaling dimension 
d 1.5 [l5||. d > 1.5 implies modifications of the mas- 
sive fermion sector by inducing non-local contributions. 
These can eventually alter also the Higgs phenomenology 
for low masses in e.g. loop-induced h — > 77, where the 
125 GcV excess is observed. For small d ~ 1 the effective 
theory that follows from Eq. (JIJ and the SM Yukawa sec- 
tor is unitarity-conserving, and results in a similar Higgs 
phenomenology for Higgs masses below the Z and W 
thresholds. 

Since the resulting Higgs field is manifestly non-local as 
a consequence of Eq. (P), so are the longitudinal gauge 
bosons, i.e. the would-be Nambu Goldstone bosons in 
unitary gauge. The Higgs two-point function is given 
by a pole at what would be interpreted as the physical 
Higgs particle (dubbed "Unhiggs" in the following) and 
a branch cut above the conformal symmetry breaking 
scale /i. The impact of this continuum is, however, phe- 
nomenologically irrelevant at the LHC for small d > 1 
since it is difficult to access the gauge boson's polar- 
izations in a clean way in the context of Higgs produc- 
tion [l5|, [2^ . The resulting contribution to the cross sec- 
tion of the order of a few percent in pp — > h — > ZZ + X, is 
difficult to isolate from background uncertainties, espe- 
cially at the given luminosity C ~ 5 fb _ , which predicts 
only a couple of events in the decay leptons invariant 
mass tails. Hence search strategies will be sensitive to 
the modifications of the Unhiggs with respect to the SM 
Higgs. 

Due to the modifications of the Higgs sector that arise 
from Eq. {T]) after electroweak symmetry breaking, both 
the partial decay width (i.e. the line shape) and the 
production cross section are modified. More precisely, 
the Unhiggs propagator reads [24| 
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where is the pole mass. The top- Yukawa coupling for 
d < 1.5 follows from C D (A t /\/2) (v d / k d ~ v ) + h.c, 
where A is the model's cut-off scale (see Refs. fl5l.[24^ for 
further details). 
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where 



16tt 5 / 2 r(d+l/2) 
(27r) 2rf r(d- l)r(2d) 



(3c) 



The above modification of width stems from the pole 
contribution and its decay to SM particles. This should 
be contrasted to an additional imaginary part that the 
propagator Eq. can pick up. Eq. (|3b|) gives an approx- 
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FIG. 1: ATLAS distributions and data (a), (b) 
(taken from Ref. and CMS distributions and 
data (c) (taken from Ref. which enter the hy- 
pothesis tests of Tab. [I] 



imation for the pole contribution in terms of cross section 
times branching ratio. In the final analysis we use the full 
off-shell propagator including imaginary parts in Sec. lIVl 
i.e. the one that arises from the conformal structure of 
the propagator and the one that arises from the decay of 
the mh state. Doing so, we recover the SM propagators, 
widths and cross sections upon taking the limit d — > 1. 
This is also clear from Eq. (f3"af - (f3"c)) , for d — > 1 we have 

CT Unh J a SM pUnh ^ SM -> \ 

The pp -> ZZ + X -> At + X channel is potentially 
sensitive to both of these modifications in the heavy mass 
region mh ^ 200 GeV, especially because the observed 
Higgs width is dominated by the physical one (H, Q . For 
light Higgs particles the width is dominated by the de- 
tector resolution, also in the gold-plated h — > ZZ decay 
mode (see e.g. |27j|). 

III. ELEMENTS OF THE ANALYSIS 

Statistics 

To formulate exclusion bounds on the Unhiggs model, 
we apply a binned log-likelihood ratio hypothesis test as 
formulated during the LEP2 era in the context of Higgs 



searches (28j. The test statistic is given by 

2j . i (data | Unhiggs + background) 
L(data | background) 

where L denotes the Poissonian likelihood, e.g. 

N n e~ N 

L(data| Unhiggs + background) = : — , (5) 

TV. 

where = (er Unh + er bkg )£ is the number of expected 
events at a given luminosity and n is the number of ac- 
tually observed events in the Unhiggs model. The gener- 
alization to binned histograms is straightforward. 

The test statistic Eq. (|4]) is different from the profile 
likelihood which is employed by ATLAS and CMS ^ 
in its asymptotic behavior and in the treatment of un- 
certainties. Since the shape and systematic uncertainties 
arc not publicly available, we neglect them throughout 
and take the distributions by ATLAS and CMS at face 
value. 

It can be expected that the influence of marginal- 
ization over nuisance parameters (30j on the computed 
confidence level is not too important for this clean and 
wcll-reconstructiblc final state. Indeed, we compute 95% 
upper confidence levels using the CLs method [3L| in 
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Signal hypothesis 


95% 
ATLAS 


CL ex 
CL S 


aected 
MC+CL S 


95% 
ATLAS 


CL ob 
CL S 


served 
MC+CL S 


m h = 190GeV 
m h = 360GeV 


0.81 
0.79 


0.76 
0.76 


0.74 
0.76 


0.52 
0.57 


0.58 
0.56 


0.58 
0.57 


Signal hypothesis 


95% 
CMS 


CL ex 
CL S 


aected 
MC+CL S 


95% 
CMS 


CL ob 
CL S 


served 
MC+CL S 


m h = 200GeV 
m h = 350GeV 


0.50 
0.73 


0.49 
0.67 


0.50 
0.67 


0.62 
0.76 


0.52 
0.78 


0.60 
0.73 



TABLE I: Comparison of expected and observed 95% confidence level bounds for the various Higgs mass hypotheses of Fig. \T\ 
We quote the numbers extracted from the ATLAS and CMS publications [3, H|. "CLs" gives the result of the hypothesis test 
with the histograms and the data of Fig. {l} as input. "MC+CLs" refers to the signal histograms generated with our Monte 
Carlo tool chain. 



Tab. U which are in good agreement with the results 
from ATLAS and CMS. This holds especially for large 
Higgs masses which we want to study in detail for the 
purpose of this work. Given this agreement with ATLAS 
and CMS, our implementation potentially reproduces the 
findings by ATLAS and CMS at the percent level, well 
inside the la uncertainty bands for heavy Higgs bosons 
m h > 225 GeV. For m h < 225 GeV our CL S imple- 
mentation shows deviations of 0(15%) for the experi- 
ments' histograms as input. We interpret this deviation 
as the influence of systematics which plays an important 
role when the Z bosons are soft and off-shell. Since the 
resulting distributions' shape uncertainties are not pub- 
licly known we cannot reproduce a quantitatively reli- 
able agreement for m/, < 200 GeV within the limitations 
of our naive detector simulation (for details see below). 
This region requires the full experimental analysis flow, 
which is not available to us. Hence, we focus in the fol- 
lowing on the heavy Higgses m/j > 200 GeV. 



uiu [GeV] 


<120 


130 


140 


150 


160 


165 


180 


190 


>200 


mf 1 [GeV] 


15 


20 


25 


30 


30 


35 


40 


50 


60 



TABLE II: Threshold masses for mz 2 with m^g used in the 
ATLAS analysis. 



of \r\ & \ < 2.47 and < 2.7 with a separation AR > 0.1. 
The first reconstructed Z boson, mz 1 , is required to be 
on-shell by taking its invariant mass closest to the Z 
boson mass within the range \mz — mzi I < 15 GeV. The 
invariant mass of the remaining lepton pair, denoted by 
mz 2 , is required to be to™ < mz 2 < 115 GeV. Where 
the threshold mass, m^ n , depends on the reconstructed 
four-lepton mass as denoted by the Tab. HH 



Event generation and MC Analysis 

For the event generation we use a modified version of 
MadGraph v4 |32| , which implements the Unhiggs model 
as described in Ref. The parton level events are 

subsequently showered with Pythia v6 [33j]. To account 
for detector resolution effects we process the showered 
events with PGS [34j|- In order to reliably reproduce the 
SM Higgs signal distributions that enter the hypothesis 
tests of ATLAS and CMS, we have performed a dedicated 
tunc of PGS, leading to good agreement of the m(A£) 
distribution at the percent level for heavy Higgs masses 
m h > 225 GeV. 

We adopt the cuts from the respective experimental 
analysis [H, Concretely this means selecting events 
with two same-flavor and opposite-sign lepton pairs £ + £~ 
with the following features required by each experiment: 

ATLAS — The leptons are required to have transverse 
momenta of at least p l T > 7 GeV, where two of them 
need to pass from a further constraint of p l T > 20 GeV. 
They are reconstructed within the geometrical coverage 



CMS - The leptons are required to have trans- 
verse momenta of Pj. > 7 GeV and pt^ > 5 GeV 
being in the pseudorapidity range of \rj e \ < 2.5 and 
\r)n\ < 2.4, respectively One of Z bosons is recon- 
structed by the pair e + e~ or within the mass 
range 50 GeV < mz 1 < 120 GeV and with the trans- 
verse momenta for the lepton pair pT,2e > 20 GeV or 
Pt,2h > 10 GeV. The other Z boson is selected by the 
remaining same flavor combination £ + £~ and is denoted 
by Z 2 . It is required that 12 GeV < m Z2 < 120 GeV 
with the additional constrain > 100 GeV. If more 
than one combination satisfies these criteria for Z2 the 
one with the highest pt leptons is chosen. 



We compare the resulting confidence levels in Tab. [TJ 
where "MC+CL5" denotes the hypothesis test with the 
background hypothesis extracted from the experiments 
and with the signal distributions generated by the de- 
scribed tool chain. In total we find very good agreement 
for high masses, so that our analysis set-up is sufficiently 
validated to confront the Unhiggs hypothesis with data 
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d d 

(a) (b) 

FIG. 2: Observed (solid) and expected (dashed) 95% confidence level exclusion for a/a Unh for (a) CMS and (b) ATLAS. Note 
that for d = 1 we recover the "MC+CLs" values of Tab. [I] i.e. the SM exclusion. 
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FIG. 3: Combined observed (solid) and expected (dashed) 
exclusion by ATLAS and CMS for a/cr Unh . 



IV. BOUNDS ON UNHIGGS PRODUCTION 
FROM ZZ -> 4£ 



We show the expected and observed 95% confidence 
level curves for the high mass values quoted in Tab. U in 
Fig. [2j Throughout, we plot exclusion limits in terms of 
cr/<7 Unh as function of the Unhiggs scaling dimension d, 
keeping /i = 600 GeV fixed. o-/er Unh dominantly depends 
on d for this choice, and we discuss the influence of (i on 
the exclusion limits in detail later on. We also show the 
ATLAS © CMS combination for m h = 350 GeV in Fig.H 

In Fig. [5]we show the dependence of a Vnh /a on fj, 
for a representative value of the Higgs mass. From this 
figure we see that a variation of fj, in the signal hypothesis 
leaves our findings for d largely unmodified unless we face 
a situation where the conformal symmetry breaking scale 
ix is close to the Unhiggs pole mass. If we consider the 
situation fj, < there is an additional contribution to 
the width (24[, which eventually can yield cr Unh /cr SM > 
1. Consequently this region is already now excluded at 



the 95% confidence level by the combination, and the 
observed limits on d are slightly larger than for fj, > mh, 
with a stronger dependence on /i. 

The shape of the exclusion contours of Figs. [2] and 
[3] is representative for the entire considered mass range 
200 GeV < m h < 400 GeV, while the quantitative de- 
tails of the observed exclusion on d is mostly driven by 
actually observed data around the nth signal hypothesis. 
Local deficits and excesses in the data do typically not 
change this situation, i.e. when we see a deficit in data 
this typically carries over to a larger-than-expected d for 
fixed m/j, (J,. The combination of both searches in regions 
where the data is consistent with the background allows 
to impose even stronger bounds on Unhiggs production, 
as can be seen from the comparison of Figs. [5] with [3] 

From Fig. Q] (and Refs. dH), it is clear that for some 
Higgs masses we observe excesses a/a SM > 1 by the in- 
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FIG. 4: Observed exclusion of the Unhiggs model (fx — 
600 GeV) for ATLAS (green, dashed), CMS (blue, dotted) 
and the mark data excesses a/a SM > 1, so that bounds on 
Unhiggs production cannot be imposed by ATLAS (blue) and 
CMS (red) individually. 
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dividual experiments. Since the Unhiggs model gener- 
ically predicts smaller cross sections in pp — > ZZ + X 
for /i > rrih than encountered in the SM, we are there- 
fore not able to put bounds on the Unhiggs model in 
these particular regions for the individual analyses. CMS 
and ATLAS, however, observe these excesses in different 
Higgs mass regions. This allows us to constrain the full 
considered Higgs mass range in the Unhiggs model from 
the combination of the ATLAS and CMS searches, yield- 
ing a/a SM < 1 over the entire mass range 200 GeV < 
irih < 400 GeV. This is shown in Fig. |4j where we 
scan the observed 95% CL on d over the mass range 
200 GeV <m h < 400 GeV (again for fi = 600 GeV). The 
shaded areas represent Higgs mass regions where ATLAS 
and CMS cannot constrain the Unhiggs model individu- 
ally. The combination of the two experiments amounts 
to a combined bound of d ~ 1.06. In the region where no 
bound can be imposed by the ATLAS experiment, the 
observed exclusion is a/a ~ 1.5, which results from 
a rather large ~ 1.8a upward fluctuation. This excess 



weakens the observed CMS exclusion in the combination, 
which holds also vice- versa for ~ 325 GeV in a more 
pronounced way. 

In total, the resulting SM bounds translate into only 
mild bounds on Unhiggs production, i.e. d > 1.1. Ex- 
pecting d — 0(1) in the Unhiggs scenario, these con- 
straints are not strong enough to rule out the exis- 
tence of the Unhiggs scenario. This, however, should 
be possible with the future increase of luminosity and 
center of mass energy. 

V. SUMMARY AND CONCLUSIONS 

The LHC has tested Standard Model Higgs production 
at 7 TeV center of mass energy with a luminosity of about 
5 fb _1 . Significant bounds on the SM Higgs could be 
established in 2011 by both ATLAS and CMS. The com- 
bination of both data sets allows to impose constraints 
a/a SM < 1 over the range 200 GeV < m h < 400 GeV in 
the pp -> ZZ + X — > 4£ + X channel. We show that we 
can reproduce the experiments sensitivity to very good 
approximation, thus allowing us to understand the ob- 
served underproduction if a Higgs is realized in this par- 
ticular mass range in terms of Unhiggs symmetry break- 
ing. We find that the data only mildly constrains the 
Unhiggs scenario d 1.1, with a very flat dependence 
of these results on the high scale conformal symmetry 
breaking scale as long as fj. > mh- 
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